Total iodide organification defect (TIOD), where the iodide in the thyroid gland cannot be oxidized and/or bound to the protein, is caused by a defect in the thyroid peroxidase (TPO) gene. Single strand conformation polymorphism analysis was used to screen for mutations in the TPO gene from five unrelated TIOD patients in Taiwan, and five novel mutations were detected. Three of these were frameshift mutations: a single T insertion between nucleotide position 2268 and 2269 (c.2268-2269 insT) in exon 13 and two single C deletions at nucleotide positions 843 (c.843 delC) and 2413 (c.2413 delC) in exon 8 and 14 respectively. The other two were single nucleotide substitutions (c.G1477>A and c.G2386>T) located in exons 9 and 13 respectively. While the former would result in amino acid substitution (Gly493Ser) in the highly conserved region of the TPO polypeptide, the latter would result in either amino acid substitution (Asp796Tyr) or alternative splicing. Of those identified TPO mutations, c.2268-2269 insT was most prevalent and was detected as heterozygous in all but one TIOD patients. All five TIOD patients investigated in this study were compound heterozygous. The method presented in this study could be used for carrier assessment and mutation analysis of newly identified TIOD patients.
Introduction
Congenital hypothyroidism is detected by one of the five tests that are included in the newborn screening program in Taiwan. Its prevalence rate of 1 in 4000 is second only to glucose 6-phosphate dehydrogenase deficiency. Most cases of congenital hypothyroidism result from dysembryogenesis of the thyroid gland. Hereditary inborn errors in thyroid hormone synthesis are found in 10-20% of these patients and are mostly caused by defects in the synthesis of thyroid hormones (Bikker et al. 1994 , Vassart et al. 1995 . About half of these inherited thyroid diseases are caused by an iodide organification defect, characterized by the reduced ability to retain iodide in the thyroid gland. In thyroid follicular cells, iodide is actively transported inside through the sodium iodide symporter (Dai et al. 1996 , Pohlenz et al. 1998 . Covalent binding of the iodide to the tyrosine residues (iodide organification) within the thyroglobulin (Tg) molecule and its subsequent coupling yields the thyroid hormones thyroxine (T 4 ) and triiodothyronine (T 3 ). Thyroid peroxidase, which requires the presence of hydrogen peroxide for enzyme activity, is responsible for the tyrosine iodination and coupling in Tg (Taurog 1996) . Complete absence of thyroid peroxidase activity has been shown in patients with total iodide organification defect (TIOD) . Patients with TIOD were demonstrated to discharge more than 90% of the intrathyroidal iodide pool within half an hour after administration of perchlorate ion (a competitive inhibitor of iodide transport). The human thyroid peroxidase (TPO) gene is located on chromosome 2p25 (Endo et al. 1995) . It consists of 17 exons and spans about 150 kilobases in genomic DNA. Full-length TPO mRNA is about 3 kb (Kimura et al. 1987 , Libert et al. 1987 , Magnusson et al. 1987a . TPO mutation was first reported by Abramowicz et al. (1992) . Since then, more than ten TPO mutations have been identified (Bikker et al. 1994 , 1997 , Kotani et al. 1999 , Pannain et al. 1999 , Bakker et al. 2000 . While most TPO mutations have been well characterized in TIOD patients of various ethnic populations in recent years, none have been reported in Chinese TIOD patients. In this study, we present the molecular studies of five Taiwan Chinese TIOD patients and the identification of five mutations, all of which are novel.
Subjects and Methods

Patients and DNA isolation
Five TIOD patients from five unrelated families were included in this study. All patients were of Chinese descent. Three patients (patients A, C, and D; Table 1) were born before 1984, when there was no neonatal screening for congenital hypothyroidism (CH) in Taiwan. They were diagnosed with CH on the basis of clinical symptoms at the age of 4-5 months. Since 1984, all newborns in Taiwan are screened for CH by measuring thyroid stimulating hormone (TSH) concentration in blood from a heel puncture. Elevated TSH was detected in two patients (patients B and E) by the neonatal screening program. Patients with congenital hypothyroidism were etiologically diagnosed as having total iodide organification defect (TIOD) with a positive perchlorate discharge test. The clinicopathological characteristics of these TIOD patients are listed in Table 1 and all five patients have a similar clinical presentation of low plasma T 4 and T 3 and high plasma TSH. All parents of the patients gave informed consent. Genomic DNA was prepared from patients diagnosed with TIOD and their relatives following the standard procedures.
Single strand conformation polymorphism (SSCP) analysis and DNA sequencing
Exons 1-17 of TPO gene were PCR amplified and all except exon 8 were subjected to mutation analysis by SSCP using a GenePhor DNA Electrophoresis System (Pharmacia, Uppsala, Sweden). Since exon 8 was too large to be effectively screened by SSCP, it was broken down into two PCR fragments and sequenced directly. The primers used for PCR amplification are listed in Table 2 . The PCR products were first diluted with a sample buffer (10 mM Tris, 1 mM EDTA, xylene cyanol 0·05%, bromophenol blue 0·04%, adjusted to pH 7·5 with acetic acid) to about 2 ng/µl and then denatured 1:1 in a denaturing solution (formamide 94%, xylene cyanol 0·05%, and bromophenol blue 0·04%) at 95 C for 5 min and thereafter were placed directly on ice to prevent reannealing of the single stranded products. Treated samples were then applied to a GeneGel Exel 12·5/24 kit (Pharmacia) following the manufacturer's recommendation. Exons that exhibited irregular shifts by SSCP were subjected to direct sequencing for mutation identification. Before direct sequencing, PCR fragments were purified from agarose gel using QIAEX II (Qiagen, Hilden, Germany). Direct sequencing was performed using a Taq DyeDeoxy Terminator sequencing kit (PE Applied Biosystems, Foster City, CA, USA) with an ABI Prism 377 DNA sequencer (PE Applied Biosystems).
Results
SSCP analysis of TPO gene
In the five investigated Taiwanese families, all patients presented with TIOD. Exons and exon/intron boundaries of the TPO gene were amplified by polymerase chain reaction and then screened by SSCP. PCR fragments showing aberrant shifts were then directly sequenced to identify any nucleotide changes. Figure 1 shows the SSCP analysis of exons 9, 13, and 14 of five TIOD patients.
Mutations identified in TPO gene
We identified five different mutations, all of which were novel. Detected TPO mutant alleles included two missense and three frameshift mutations (Table 3) . Partial nucleotide sequences of all the identified mutations are shown in Fig. 2 . Mutation nomenclature follows the guidelines set by Antonarakis (1998) . The lower case c in front of the nucleotide number stands for cDNA. To avoid confusion, a dot separates it from the nucleotide number.
Mutation distribution for each patient was described as follows. residues. The latter runs into a stop codon 26 residues later in the same exon. Direct sequencing of exon 13 and 14 of both parents' genomic DNA indicated that the patient inherited c.2268-2269 insT from the father and c.2413 delC from the mother (data not shown).
Patient B This patient was characterized by SSCP as having aberrant shifts in exon 13 (lane 12, Fig. 1 ). Direct sequencing of exon 13 indicated that he carried, in addition to c.2268-2269 insT, a G to T transversion at nucleotide 2386 (Fig. 2E ). c.2386 G>T would result in non-conservative replacement of acidic residue aspartic acid with aromatic tyrosine at amino acid position 796 (Asp796Tyr). The amplification-created restriction site method (ACRS) was used to identify the origin of the c.2386 G>T allele in the parents and was also used to estimate its allele frequency in the general population to exclude the possibility of polymorphism. PCR product (124 bp) amplified with Nd13 primers (Table 2) created an NdeI (recognition sequences: 5 -CATATG-3 ) restriction site for c.2386 G>T allele identification. NdeI digest of the PCR product amplified from the mutant allele will give two DNA fragments with sizes of 101 bp and 23 bp (the 23-bp fragment was too faint to be observed in the gel) respectively. The co-presence of 124-bp and 101-bp fragments in the propositus (lane 1, Fig. 3A ) and his father (lane 2, Fig. 3A ) indicated that he inherited c.2386 G>T from his father. Direct sequencing of both parents' genomic DNA further confirmed that the patient inherited the c.2386 G>T and c.2268-2269 insT from his father and his mother respectively (data not shown). One hundred unrelated normal controls were screened by the aforementioned ACRS method and none was found to carry c.2386 G>T, thus excluding the possibility of polymorphism. The mutation effect of c.2386 G>T will be discussed in a later section. Patient C This patient was characterized by SSCP as having aberrant shifts in exon 13 (lane 11, Fig. 1 ) and in exon 9 (lane 18, Fig. 1 ) respectively. Direct sequencing of exons 13 and 9 indicated that he carried c.2268-2269 insT in exon 13 and a G to A transition (Fig. 2D ) at nucleotide 1477 in exon 9. c.1477 G>A results in a non-conservative replacement of glycine residue with serine at amino acid position 493 (Gly493Ser). Since c.1477 G>A would disrupt a HaeIII restriction site (recognition sequences: 5 -GGCC-3 ), the restriction fragment length polymorphism method (RFLP) was used to determine the allele segregation in the family and its allele frequency in the general population. A 377-bp PCR product was amplified with primer pairs of 9F and 9R (Table 2) . HaeIII digest of PCR product amplified from normal control gave three fragments with sizes of 142 bp, 141 bp, and 94 bp respectively (lane 4, Fig. 3B ). In the c.1477 G>A allele, HaeIII digest of PCR products gave two fragments with sizes of 235 bp and 142 bp. As shown in the gel, the patient inherited the c.1477 G>A mutation from his mother (lane 1 and 3, Fig. 3B ). Direct sequencing of exon 13 indicated that he inherited c.2268-2269 insT from his father (data not shown). HaeIII digest was used to screen 100 normal controls and none was found to carry c.1477 G>A, excluding the possibility of polymorphism. The detrimental effect of the c.1477 G>A mutation will be discussed in a later section.
Patient D This patient was found to have the same SSCP pattern (lane 10, Fig. 1 ) in exon 13 as the previous three patients. Direct sequencing confirmed that she carried a heterozygous c.2268-2269 insT mutation. Family study indicated that she inherited this mutation from her mother (data not shown). The other mutant allele was not found although all TPO coding exons and exon/intron boundaries were sequenced.
Patient E This patient was found, by direct sequencing, to carry a heterozygous mutation of c.843 delC in exon 8 ( Fig. 2A) . This single nucleotide deletion would result in a frameshift in the polypeptide coding sequence, which would run into a termination signal after 35 residues in the same exon. The other mutant allele was not found although all TPO coding exons and exon/intron boundaries were sequenced.
Deleterious effect of identified missense mutations
Three out of five mutations identified in this study would cause frameshift in TPO polypeptide coding sequences, resulting in a truncated polypeptide. The deleterious effect of these mutations is obvious. The detrimental effect caused by the other two missense mutations was not so significant. To evaluate the effect of these two mutations, the amino acid sequences neighboring the mutations were compared with those of various peroxidases. Gly493 is located next to His494. Through 3Å X-ray crystallography of canine myeloperoxidase, Zeng and Fenna (1992) showed that His336 of canine myeloperoxidase (MPO) acted as a proximal histidine, one of the binding ligands to the iron center of the heme prosthetic group. Its corresponding amino acid in human TPO (Kimura et al. 1989) is His494. As shown in Fig. 4A , Ala489, Phe490, Arg491, Gly493, and His494 are well conserved among all known TPO polypeptides, including pig (Magnusson et al. 1987b) , mouse (Kotani et al. 1993) , and rat (Derwahl et al. 1989) , and also in human (Morishita et al. 1987 ) and mouse myeloperoxidases (Venturelli et al. 1989) , human eosinophil peroxidase (Ten et al. 1989) , and human and bovine lactoperoxidases (Dull et al. 1990 ). Phe492, although not conserved among all peroxidases, is conservatively substituted with tyrosine residue in human and mouse myeloperoxidase. Substitution of Gly493 with a bulkier serine residue next to the crucial proximal histidine (His494) would interfere with the binding of the heme prosthetic group and/or influence the electron transfer. Also shown in Fig. 4B are Asp796 and its neighboring residues, from Pro791 to Cys800, which are either well reserved or relatively conservative (Leu793 and Val797) among various thyroid peroxidases, including pig, mouse and rat. Earlier study of human thyroid peroxidase indicated that the amino acids from Asp796 to Val839 ) formed. Substitution of Asp796Tyr would interfere with the disulfide bond linkage and/or disrupt the tertiary structure of EGF-like calcium-binding domain. There is also another possibility. Since nucleotide G2386 is located at the exon 13/intron 13 boundary (Table 3) , the nucleotide change of c.2386 G>T would cause alternative splicing of the TPO gene. Unfortunately, thyroid tissues from patient B were not available to differentiate these two hypotheses.
Discussion
This is the first systematic mutation analysis ever performed in Taiwan Chinese with total iodide organification defect (TIOD). Mutation analysis of the TPO gene in TIOD patients had been reported in various ethnic populations, including Dutch (Bikker et al. 1995 , Bakker et al. 2000 , Amish (Pannain et al. 1999) , Brazilians (Santos et al. 1999) , Germans (Gruters et al. 1996) , and Japanese (Kotani et al. 1999) . All these except Japanese are of Caucasian descent. It is interesting to note that one of the TPO mutant alleles identified in Japanese TIOD was reported previously in Dutch patients. However, none of the TPO mutations identified in the Taiwan Chinese TIOD patients had previously been identified in other ethnic peoples, demonstrating the heterogeneic nature of TPO mutation among different ethnic groups. The GGCC duplication at nucleotide 1277 in exon 8, reported to be most prevalent (36%) among the Dutch, was not found in our TIOD patients. We did identify a single nucleotide insertion mutation (c.2268-2269 insT) that was prevalent among our TIOD patients. This TPO mutant allele was detected in four out of five patients in compound heterozygous fashion, accounting for 40% of the total mutant TPO alleles investigated. Despite rigorous screening of TPO's coding exons and their exon/intron boundaries, we could detect only one mutant allele in two patients. It is unlikely that the TIOD of these two patients was caused by another gene defect because the identified mutant alleles were both frameshift mutations. The undetected mutations might fall either in the promoter/ terminator region or within the intron region, creating a new splicing site. It is also possible that the mutation might be a large deletion in the TPO gene, which would not be identified through SSCP screening and direct sequencing. More work will be needed to identify the undetected TPO mutant alleles in the future.
